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Remarks; General 

The claims have been amended by rewriting Claim 66. No 
new matter is added by this amendment. The amendment to Claim 
66 is not related to patentability inasmuch as it is made solely to 
correct an informality or typographical error. 

A petition under 37 CFR § 1 . 1 36 for a three-month 
extension of time to respond to the Examiner's action is enclosed, the 
fee for which should be charged to Deposit Account No. 04-1928 (E.I. 
du Pont de Nemours and Company) . 

By Applicant's calculation, no fee is due by reason of this 
amendment to the claims. If any fee other than or in addition to that 
mentioned specifically above is required to authorize or obtain 
consideration of this response, please charge such fee to Deposit 
Account No. 04- 1928. 

Claims 1-11, 54-56, 60-63, 66, 69-80, 82, 92 and 93 
remain active in the application. Applicant hereby requests 
reconsideration and further examination of the application in view of 
the traverse it has set forth below as to the Examiner's rejections. 
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Remarks: Detailed Action 
I. 

In Item 1, the Examiner has objected to Claim 66 because 
of an informality. As Claim 66 has been amended in the manner 
indicated by the Examiner, Applicant respectfully requests that the 
Examiner withdraw the objection to Claim 66. 



II. 

In Item 2, the Examiner has rejected Claims 56 and 74 
under 35 U.S.C. §112, first paragraph, as not being enabled. 

Applicant submits that the artisan would understand that, 
although not mentioned explicitly, a mixture of single-wall carbon 
nanotubes ("SWNT") and multiwall carbon nanotubes ("MWNT") is 
actually taught in, and obtainable from, the disclosure. Applicant 
therefore submits that the disclosure is enabling for Claims 56 and 
74, as directed to a mixture of SWNT and MWNT, and that the 
requirements of 35 U.S.C. §112 are met. 

Historically, it has been known in the art that the various 
processes for synthesizing carbon nanotubes (CNTs) have not in 
general been well controlled in terms of the selectivity to one of the two 
types of tubes. Even where either SWNT or MWNT is predominantly 
produced, a not insignificant amount of the other type of tube is 
typically produced as an "impurity*'. See, for example, the discussion 
in "Controlled Production of Single-Wall Carbon Nanotubes by 
Catalytic Decomposition of CO on Bimetallic Co-Mo Catalysts", 
Kitiyanan et al, Chemical Physics Letters 317 (2000) 497-503 (copy 
attached) wherein a process for producing CNTs with a high selectivity 
to SWNT using Co-Mo catalysts is described. It is noted at the top of 
column 1 on page 498 that, in most cases of the catalytic production 
of SWNT, MWNT and amorphous and graphitic forms of carbon are 
produced as by-products. At the top of column 1 on page 502, data 
are reported for the results of trials conducted for various catalyst 
formulations wherein mixtures of SWNT and MWNT are obtained 
despite the dominant selectivity to SWNT. Thus, where in Examples 
13-17, SWNT were acquired and used as unpurified powders, it is 
submitted that the artisan would understand that those samples also 
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contained some amount of MWNT and were in fact mixtures of the 
two. 

In similar fashion, it may be noted that the sample of 
SWNT used in Example 20 was obtained from MER Inc. A copy of a 
recent printout from the MER website is enclosed that gives 
descriptions for MER's products. It may be seen that in the last item 
on page 2, SWNT are described, and the description specifically recites 
the presence in the product of 10 wt% MWNT. It is believed that this 
description is representative of the content of the sample of SWNT as 
actually used in Example 20, thus being a mixture of SWNT and 
MWNT. 

Moreover, the application specifically states on page 5 at 
line 23 that "carbon nanotubes" (emphasis added) are the preferred 
acicular carbon for use in the invention, and that SWNT are especially 
preferred. This suggests that, while MWNT are perhaps not the 
preferred form of nanotubes, mixtures of nanotubes. including MWNT 
are not necessarily excluded from use as the acicular carbon to be 
used in the invention. In addition, the discussion of Examples 18-22 
on page 26 shows that each kind of CNTs were used in different 
examples when the invention was actually reduced to practice. It is 
generally the rule that, where there are relatively few things to be 
combined to form a mixture, it is within the skill of the artisan to 
understand that the mixtures may be made although they may not be 
explicitly set forth. The disclosure would thus put the artisan in 
possession of the knowledge that mixtures of SWNT and MWNT are a 
part of the claimed invention. 

In view of the foregoing, Applicant respectfully submits that 
the disclosure is enabling for Claims 56 and 74, and requests that the 
Examiner withdraw the rejection of those claims under 35 U.S.C. 
§112. 



m. 

In its paper filed on July 25, 2003, Applicant requested 
that an interference be declared between this application, as 
containing Claim 82, and U.S. Patent 6,436,22 1 . Applicant renewed 
its request in this respect in its papers filed on April 19, 2004, April 
14, 2005 and September 30, 2005. Applicant hereby again renews its 
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request that an interference be declared between this application, as 
containing Claim 82, and U.S. Patent 6,436,221. 



In view of the foregoing, Applicant submits that all of the 
Examiner's objections and rejections have been properly traversed, 
and that the pending claims are in condition for allowance. Applicant 
respectfully requests that a notice of allowability of all pending claims 
be issued, and that the case be forwarded to the Board of Patent 
Appeals and Interferences with a favorable recommendation for the 
declaration of an interference with US 6,436,221 



Respectfully submitted, 




Attorney for Applicant 
Registration No. 32,255 
Telephone: (302) 992-4362 
Facsimile; (302)992-5374 



I hereby certify that this correspondence is being facsimile 
transmitted to the U.S. Patent and Trademark Office on June 7, 2006. 



Date: June 7, 2006 
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Appendix A 

(i) Amendments 
in marked-up form to 
Claim 66, and 

(ii) Status of all other claims 



1. (previously presented) A process for improving the field 
emission of an electron field emitter comprised of an acicular emitting 
substance, comprising: 

(a) attaching particles of an acicular emitting substance to 
a substrate to form said electron field emitter; 

(b) contacting a material with said electron field emitter, 
wherein said material forms an adhesive contact with said 
electron field emitter and said adhesive contact provides 
sufficient adhesive force when said material is separated from 
said electron field emitter so that a portion of said electron field 
emitter is removed or rearranged thereby forming a new surface 
of said electron field emitter; and 

(c) separating said material from said electron field 
emitter. 

2. (previously presented) The process of Claim 1 wherein, 
when said material is separated from said electron field emitter, a 
portion of said electron field emitter is removed. 

3. (original) The process of Claim 2 wherein said acicular 
emitting substance is acicular carbon. 

4. (original) The process of Claim 3 wherein said acicular 
carbon is comprised of carbon nanotubes. 
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5. (original) The process of Claim 4 wherein said carbon 
nanotubes are single wall carbon nanotubes. 

6. (original) The process of Claim 5 wherein said single wall 
carbon nanotubes are laser ablation grown single wall carbon 
nanotubes. 

7. (previously presented) The process of Claim 3 wherein 
said acicular carbon is comprised of carbon fibers grown from the 
catalytical decomposition of carbon-containing gases over small metal 
particles, each of which said fibers has graphene platelets arranged at 
an angle with respect to the fiber axis so that the periphery of said 
carbon fiber consists essentially of the edges of said graphene 
platelets. 

8. (original) The process of Claim 5, wherein said carbon 
nanotubes are less than about 9 wt % of the total weight of said 
electron field emitter. 

9. (original) The process of Claim 5 3 wherein said carbon 
nanotubes are less than about 5 wt % of the total weight of said 
electron field emitter. 

10. (original) The process of Claim 5, wherein said carbon 
nanotubes are less than about 1 wt % of the total weigjit of said 
electron field emitter. 

11. (original) The process of Claim 5, wherein said carbon 
nanotubes are about 0. 1 wt % to about 2 wt % of the total weight of 
said electron field emitter. 

12-53. (canceled) 

54. (previously presented) The process of Claim 1 wherein 
the electron field emitter is rearranged, and little or none of the 
electron field emitter is removed* 
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55. (previously presented) The process of Claim 4 wherein 
said carbon nanotubes arc multiwall carbon nanotubes, 

56, (previously presented) The process of Claim 4 wherein 
said carbon nanotubes comprise single wall carbon nanotubes and 
multiwall carbon nanotubes. 

57-59. (canceled) 

60. (previously presented) A process for improving the field 
emission of an electron field emitter comprised of an acicular emitting 
substance^ comprising: 

(a) attaching particles of an acicular emitting substance to 
a substrate to form said electron field emitter; 

(b) contacting a material with said electron field emitter, 
wherein said material forms an adhesive contact with said 
electron field emitter, wherein there is no translational motion by 
said material with respect to the electron field emitter, and 
wherein said adhesive contact provides sufficient adhesive force 
when said material is separated from said electron field emitter 
so that a portion of said electron field emitter is removed or 
rearranged thereby forming a new surface of said electron field 
emitter; and 

(c) separating said material from said electron field 
emitter. 

61. (previously presented) A process for improving the field 
emission of an electron field emitter comprised of an acicular emitting 
substance, comprising: 

(a) attaching particles of an acicular emitting substance to 
a substrate to form said electron field emitter; 

(b) contacting a liquid material with said electron field 
emitter, wherein said material forms an adhesive contact with 
said electron field emitter, and said adhesive contact provides 
sufficient adhesive force when said material is separated from 
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said electron field emitter so that a portion of said electron field 
emitter is removed or rearranged thereby forming a new surface 
of said electron field emitter; and 

(c) separating said material from said electron field 
emitter. 

62. (previously presented) A process for improving the field 
emission of an electron field emitter comprised of an acicular emitting 
substance, comprising: 

(a) attaching particles of an acicular emitting substance to 
a substrate to form said electron field emitter; 

(b) contacting a material with said electron field emitter 
before said electron field emitter is fired, wherein said material 
forms an adhesive contact with said electron field emitter, and 
said adhesive contact provides sufficient adhesive force when 
said material is separated from said electron field emitter so that 
a portion of said electron field emitter is removed or rearranged 
thereby forming a new surface of said electron field emitter; and 

(c) separating said material from said electron field 
emitter. 

63. (previously presented) A process for improving the field 
emission of an electron field emitter comprised of an acicular emitting 
substance, consisting essentially of: 

(a) attaching particles of an acicular emitting substance to 
a substrate to form said electron field emitter; 

(b) contacting a material with said electron field emitter, 
wherein said material forms an adhesive contact with said 
electron field emitter, and said adhesive contact provides 
sufficient adhesive force when said material is separated from 
said electron field emitter so that a portion of said electron field 
emitter is removed or rearranged thereby forming a new surface 
of said electron field emitter; and 

(c) separating said material from said electron field 
emitter. 
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64-65. (canceled) 

66. (currently amended) In the fabrication of a Skd- field 
emission triode, a completely screen printed field emission triode or a 
lighting device that comprises an electron field emitter comprised of an 
acicular emitting substance, a process for improving the field emission 
of the electron field emitter comprising: 

(a) attaching particles of an acicular emitting substance to 
a substrate to form said electron field emitter; 

(b) contacting a material with said electron field emitter, 
wherein said material forms an adhesive contact with said 
electron field emitter and said adhesive contact provides 
sufficient adhesive force when said material is separated from 
said electron field emitter so that a portion of said electron field 
emitter is removed or rearranged thereby forming a new surface 
of said electron field emitter; and 

(c) separating said material from said electron field emitter. 

67~68. (canceled) 

69. (previously presented) The process of Claim 60, 61, 62, 
63 or 66 wherein, when said material is separated from said electron 
field emitter, a portion of said electron field emitter is removed. 

70. (previously presented) The process of any one of Claims 
60-63 or 66 wherein said acicular emitting substance is carbon 
nanotubes. 

71- (previously presented) The process of Claim 70 wherein 
said carbon nano tubes are single wall carbon nanotubes. 

72. (previously presented) The process of Claim 71 wherein 
said single wall carbon nanotubes are laser ablation grown single wall 
carbon nanotubes. 
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73. (previously presented) The process of Claim 70 wherein 
said carbon nanotubes are multiwall carbon nanotubes. 

74. (previously presented) The process of Claim 70 wherein 
the carbon nanotubes are single wall carbon nanotubes and multiwall 
carbon nanotubes. 

75. (previously presented) The process of Claim 70 wherein 
said carbon nanotubes are less than about 9 wt % of the total weight 
of said electron field emitter. 

76. (previously presented) The process of Claim 1, 60, 62, 63 
or 66 wherein the material is applied in liquid form. 

77. (previously presented) The process of Claim 61 wherein 
the material is applied in liquid form and is heated. 

78. (previously presented) The process of Claim 76 wherein 
the material is applied in liquid form and is heated. 

79. (previously presented) The process of Claim 1, 60, 61 7 
62, 63 or 66 wherein the material is thermally softened polymer film. 

SO* (previously presented) The process of Claim 79 wherein 
the material is selected from the group consisting of an aciylic film, an 
ethylene /acrylic elastomer film, a block copolymer film and an 
ionomer film. 

81. (canceled) 

82. (previously presented) A process for improving emission 
current density of a carbon nanotube electron field emitter, said 
process comprising the steps of; 

(a) forming a carbon nanotube layer by screen-printing a 
carbon nanotube paste through a patterned screen onto a substrate, 
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wherein a plurality of conductive pattern is formed thereon so as to 
form a field emission display device; 

(b) perforating a drying process to said substrate; 

(c) performing a firing process; and 

(d) performing a taping process, 

83-91. (canceled) 

92. (previously presented) The process of Claim 60, 61, 62, 
63 or 66 wherein the electron field emitter is rearranged, and little or 
none of the electron field emitter is removed. 

93 > (previously presented) The process of Claim 60,61,62, 
63 or 66 wherein the acicular emitting substance comprises carbon 
fibers grown from the catalytical decomposition of carbon-containing 
gases over small metal particles, each of which said fibers has 
graphene platelets arranged at an angle with respect to the fiber axis 
so that the periphery of said carbon fiber consists essentially of the 
edges of said graphene platelets. 
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Abstract 

The term 'controlled production' of single-wall nanotubes (SWNT) implies the ability to control the selectiviiy towards 
SWNT by changing catalyst fonrniladons and operating conditions, combined with a quantitative measuremeni of the SWNT 
obtained. In this contribution, a significant advancement towards the controlled production of SWNT is reported. A family 
of Co-Mo catalysts has been found to be able to produce SWNT with high selectivity, depending on the Co:Mo ratio, the 
temperature of operation, and the processing time. The optimization of the catalyst was possible by the application of a 
simple and direct method of quantification of the SWNT production. © 2000 Elsevier Science B.V. All rights reserved. 



1. Introduction 

Single-wall carbon nanotubes (SWNT) have 
shown unmatched electrical and mechanical proper- 
ties [1], which might lead to a variety of new applica- 
tions. However, the low availability of high-qualiry 
nanotubes and the high costs associated with the 
current synthesis methods would be a serious imped- 
iment for large-scale production in any commercial 
endeavour. The production of multi-wall nanotubes 
(MWNT) by catalytic hydrocarbon cracking on sup- 
ported metals is now on a commercial scale [2], but 
the production of SWNTs by laser [3] and arc [4] 
techniques* is still in the gram scale, A cost effective 
process for the production of SWNT will only emerge 
when today's gram-scale technology advances to a 
ton-scale technology, in a way similar to the produc- 



CoTTcsponding author. Fax: +1405-325-5813; e-mail: 
tesasco@uu.edu 



tion of chemical commodities. In fact, it is conceiv- 
able to design a continuous fluidized-bed catalytic 
reactor that could produce carbon nanotubes in a 
gas-phase process. To reach this point however, an 
excellent control over the activity* selectivity, and 
catalyst life is necessary. This goal has guided our 
recent research and will be the focus of this contribu- 
tion. 

In many catalytic processes found in die chemical 
industry, the separation steps tliat precede or follow 
the chemical reactor represent the largest portion of 
ihe capital and operating costs. On the other hand, 
while the cost of the catalyst is usually minimal in 
comparison to the overall cost of the plant, the 
catalyst is the key factor that determines how much 
should be spent in the separation steps. For example, 
a catalyst with high tolerance to the presence of 
impurities may reduce the costs of feed pretreatment 
At the same time, a veiy selective catalyst can 
greatly reduce the separation costs involved in the 
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purification of the product. Selectivity is in many 
cases the most important property that an efficient 
catalyst should exhibit- The same concepts will apply 
to the production of nanotubes in industrial scale, 
i,e., a catalyst should be designed with selectivity 
high enough to minimize the subsequent purification 
steps. This is particularly important for the catalytic 
production of SWOT, which in most cases produces 
MWNT, amorphous, and graphitic forms of carbon 
as by-products. 

In comparison to most of the other methods cur- 
rently used for the synthesis of SWNT, the potential 
advantage of using a gas-phase catalytic method is 
that the solid catalyst can be tailored to maximize 
selectivity. Until now however, in most attempts to 
produce nanotubes by the catalytic method, little 
attention has been paid to the optimization of the 
selectivity towards SWNT. In fact, the majority of 
the reports found in the literature disclose formation 
of MWNT or a combination of amorphous carbon, 
MWNT, and graphitic carbon [5,6], Only a few 
papers [7-11] have reported the formation of SWNT 
by catalytic decomposition. One of the greatest limi- 
tations in the current technology is the inability to 
obtain a simple and direct quantification of the dif- 
ferent forms of carbon obtained in a particular syn- 
thesis. Nowadays, electron microscopy is the charac- 
terization technique most widely employed to deter- 
mine the fraction of SWNT present in a particular 
sample. However, TEM can only provide a qualita- 
tive description of the type of carbon species pro- 
duced. It is hard to determine how representative of 
the overall production can a given image be. Obtain- 
ing semi-quantitative determinations of the distribu- 
tion of the different carbon species in a sample, with 
any statistical significance is rime consuming and the 
method could not be applied as a routine quality 
control to large-scale operations. 

In this contribution, we describe what we believe 
is a breakthrough in the controlled synthesis of 
SWNT. We define controlled production as the abil- 
ity to modify the selectivity of a catalyst by changing 
catalyst parameters, such as composition and sup- 
port, combined with the ability to obtain a reliable 
quantitative measurement of the yield and selectivity 
of SWNT produced. This measurement should be 
direct and easy to conduct, so changes in selectivity 
during catalyst selection or steady-state production 



can be readily detected, facilitating the reproducibil- 
ity and quality control, 



2. Experimental results 

Several transition metal catalysts have been shown 
to be active for generation of carbon nanotubes 
[12,13]. Among the various formulations that we 
have investigated, a Co-Mo/Si0 2 catalyst, contain- 
ing 6 wt % total metals and a Co:Mo molar ratio of 
1:2, exhibited the highest selectivity towards SWNT. 
This catalyst was prepared by incipient wetness im- 
pregnation of aqueous solutions of Cobalt Nitrate 
and Ammonium Heptamolybdate, followed by dry- 
ing in an oven at 80°C and calcination in flowing air 
at 500 a C. For the production of nanotubes, 100-500 
mg of calcined catalyst was placed in a horizontal 
quartz tubular reactor, heated in H 2 up to 500°C, and 
then in He to 700°C. Subsequently, CO was intro- 
duced at this temperature and at a flowrate of 100 
tW/rmn for the production of nanotubes. The prod- 
uct was inspected in a TEM, model JEOL JEM- 
2000FX at 200 kV. As shown b Fig. 1A, SWNTs 
were observed in large quantities, most of them 
aligned as bundles. From the TEM pictures, it was 
observed that the diameter of the individual tubes 
was about 1 nm. From inspection of the TEM micro- 
graphs, it appears that the SWNT produced by the 
catalytic method contain more defects than those 
produced by the laser ablation or arc discharge meth- 
ods. At the same time, small quantities of amorphous 
carbon were observed covering the bundles of 
SWNT, but no evidence of MWNT or graphitic 
carbon was observed on this sample. The presence of 
SWNT on this sample was further confirmed by 
Raman spectroscopy, conducted at room temperature 
and using 532 nm excitation. The spectrum exhibited 
a strong line in the range 1580-1590 cm" 1 , nor- 
mally observed in SWNT [14]. 

It is important to note here that not all Co-Mo 
formulations investigated were equally effective m 
producing SWNT. For example, while Mo samples 
produced no SWNT at 700 C C, when Mo was added 
to Co, the selectivity towards SWNT greatly in- 
creased, which indicates that some sort of synergism 
between Co and Mo makes the combination of the 
two metals effective. As illustrated in Fig. IB, the 
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TEM image shows that the catalyst with a Co:Mo 
molar ratio of 2:1 resulted iu a significant fraction of 
MWNT, as opposed to the catalyst with a molar ratio 
of 1:2, which mainly produced SWNT. 

The method that we have developed for quantify- 
ing the amount of SWNT produced is based on the 
srandard temperature programmed oxidation (TPO) 
technique, commonly employed in catalysis research. 



490 

We have used this method in the past to characterize 
carbonaceous deposits on heterogeneous catalysts 
[15,16]. To conduct the TPO, a continuous flow of 
5% 0 2 /He is passed over the catalyst containing the 
carbon deposits while the temperature is linearly 
increased (iTC/min). The evolution of C0 2 pro- 
duced by the oxidation of the carbon species is 
monitored by a mass spectrometer. Quantification of 




Fig. 1, TEM images showing (A) SWNT produced by decomposition of 50% CO/He at 700°C on a Co-Mo/Si0 2 catalyst, 6 m % total 
mctab, Co:Mo molar ratio of 1:2. Inset shows ihe detail of a front view of a SWNT bundle; (B) mixture of SWNT and MWNT produced oil 
a Co-Mo/Si0 2 catalyst, 6 wt % total metals, Co:Mo molar ratio of 2: 1« under the same conditions as that of (A). 
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Fig. 1 (continued). 



the evolved C0 2? calibrated with 100 juul pulses of 
pure C0 2 and oxidation of known amounts of 
graphite, gives a direct measurement of the amount 
of carbon that gets oxidized at each temperature. 
This method appears particularly suitable for the 
quantitative characterization of SWNT because 
SWNT are oxidized in a relatively narrow tempera- 
ture range, which lies above the temperature of 
oxidation of amorphous carbon and below the oxida- 



tion of MWNT and graphitic carbon. In agreement 
with our results, previous TGA studies, [3,17] have 
shown that, in the absence of a catalyst, the ignition 
temperature of SWNT is 100°C higher than that of 
C w fullcrcnes and 100 Q C lower than that of MWNT. 

Fig. 2 illustrates the TPO profiles of the carbon 
species produced on the Co-Mo/Si0 2 catalyst, 
which, as described above, exhibited the highest 
Selectivity towards SWNT. This sample presented a 
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FI^. 2, Temperanire programrocd oxidation (TPO) of an foe 
carbonaceous species present in ihc Co-Mo/SiOj catalyst 
(Co:Mo = l:2) after decomposition of 50% CO/Hc at 700°C, 
compared to similar TPOs of a graphite reference and commercial 
SWNT obtained from Tubes@Rice. Also included is tlie TPO of 
the blank solution, containing a surfactant, in which the commer- 
cial SWNT are dispersed. All the references were physically 
mixed with bare Co—Mo/SI0 2 catalyst. The temperature ramp 
was irC/miiL 



small oxidation peak centered at around 330°C, which 
we ascribe to amorphous carbon, and a major peak 
marked in the figure with an arrow, centered at about 
510°C, which wc ascribe to the oxidation of SWNT. 
Two important reference samples were investigated 
by TPO and their profiles are included in Fig. 2, The 
first reference was a graphite powder physically 
mixed with the bare Co-Mo catalyst. The oxidation 
of this form of carbon occurred at very high tempera- 
tures, starting at about 700°C, and completed after 30 
min at 800°C. The second important reference sam- 
ple investigated was a commercial sample of purified 
SWNT, obtained from Tubes@Rice (Rice Univer- 
sity). This sample comes in a liquid suspension of 
5,9 g/1, containing a nan-ionic surfactant Triton 
X-100. To conduct the TPO experiment, this suspen- 
sion was impregnated on the Cc— Mo/Si0 2 catalyst 
to get 0.6 wt % SWNT on the sample. As shown in 
Fig, 2, the TPO of this impregnated sample exhibited 
two pealcs, a low-temperature one that corresponds to 
the oxidation of the surfactant and a second one 
centered at 510°C 7 which corresponds exactly to the 
position that we ascribed to the oxidation of SWNT. 
To corroborate that the first peak was indeed due to 
the oxidation of Triton, we prepared an identical 
sample with a blank solution containing only the 
surfactant in the same concentration. The TPO shows 
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that indeed that was the case. The quantification of 
the amount of SWNT in the sample from the C0 2 
produced gave a value of 0.64 wt %, in good agree- 
ment with the amount of SWNT loaded in the sam- 
ple (0,6 wt %l 

By using TPO, we have been able to quickly test 
different formulations and obtain SWNT sclectivities 
when varying Co:Mo ratios and type of catalyst 
supports. For example, Fig. 3 shows the clear syner- 
gistic effect exhibited by Co and Mo. In the first 
place, Mo alone does not produce carbon nanotubes, 
and only exhibits a small low-temperature peak cor- 
responding to amorphous carbon. The term 
'amorphous carbon* implies carbonaceous deposits, 
which are not in the form of ordered nanotubes or 
graphite. The claim that the Mo-alone sample only 
produced amorphous carbon was substantiated by the 
absence of graphite or nanotubes in the TEM obser- 
vations. On the other hand, Co alone is not selective 
for the production of SWNT, and generates mainly 
graphitic carbon and MWNT. Again, these observa- 
tions were corroborated by TEM. By contrast, the 
combination of the two metals in appropriate ratio 
results in high selectivity for SWNT. By using TPO 
we have been able to investigate the effect of vary- 
ing the Co:Mo molar ratio in the Co-Mo/SiO ? 
catalysts. Fig. 4 shows that, in agreement with the 
TEM characterization, the TPO of the Co:Mo =1:2 
sample indicates that this sample produced mostly 
SWNT, with a small amount of amorphous carbon. 



^ Mo 

100 200 300 400 900 600 7DO BOO 

Temperature (°C) 

Fig. 3. Tcuiperature p/ogramraed cwdarjon (TPO) of all the 
carbonaceous species present in the Co-Mo/Si0 2 catalysi 
(Co:Mo = 1:2) after decomposition of 50% CO/He at 700*C Tot 1 
h, compared to monometallic Co/$\0 2 and Mo/SiOj catalysts, 
treated in identical way. 
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Fig. 4. Effect of Co:Mo ratio in the distribution of different 
carbonaceous species produced by decompaction of 50% CO/He 
at 700°C for 1 h, as measured by TPO, using a temperature ramp 
of irc/inin. The arrow indicates the center of ihe peak corre- 
sponding to the oxidatjou of SWNT. 



An increase in the Co:Mo ratio did not enhance the 
production of SWNT S but it did accelerate the forma- 
tion of MWNT and graphitic carbon, as shown by 
the increasing s size of the peaks in the region 600- 
700°C. From the TPO data, selectivity values were 
estimated by curve fitting. They were 57% SWNT 
and 31% MWNT for the Co:Mo (2:1), 80% SWNT 
and 4% MWNT for the Co:Mo (1:1), and 88% 
SWNT and 4% MWNT for the Co:Mo (1:2). It is 
important to note that, in all cases, the quantitative 
data agreed very weU with the qualitative observa- 
tions made by TEM. 

The use of TPO also allows for a systematic 
screening of operating conditions- For example, the 
TPO profiles from products run at different reaction 
temperatures showed that the selectivity to SWNT 
had a maximum at about 700°C. Similar analysis 
were done to investigate the effects of gas phase 
concentration and reaction time at a given tempera- 
ture. 

Even though the results presented in this contribu- 
tion demonstrate that the TPO method is a very 
efficient way of quantifying the production of carbon 
nanotubes, it is iraportant to be aware of some 
limitations of the method. The TPO is a catalytic 
process in which the metals present in the sample 
cataJyze the oxidation of the carbon species. There- 
fore, if the nature of the catalyst is significantly 
changed, the position of the oxidation peaks may 
appear shifted even when the carbon structures are 
the same. We have observed such shifts when the 



catalyst support was modified. Therefore, in order to 
use this method properly, a complete analysis of the 
family of catalysts and the operating conditions needs 
to be done together with known references, as we 
have done in the present paper. 

By a proper quantification of the amount of SWNT 
produced as a function of time at varying tempera- 
tures and gas phase concentrations we will be able to 
obtain reliable kinetic parameters that will shed some 
light into the mechanism of SWNT formation. Sev- 
eral interesting trends are already apparent in the 
present data. For example, the clear synergism shown 
by Co and Mo illustrates the complexity of the 
SWNT growth mechanism, which is today much less 
understood than the growth of MWNT. Previous 
studies [10] have shown that the decomposition of 
CO on Mo catalysts yield SWNT at 1200°C. How- 
ever s at the much lower temperatures employed in 
this study, 700°C, Mo alone was unable to form any 
carbon nanotube. By contrast, Co alone formed sig- 
nificant amounts of MWNT, some graphite, and 
relatively small amounts of SWNT. Interestingly, 
when Mo and Co were simultaneously present in the 
catalyst, the production of MWNT was drastically 
suppressed while the production of SWNT was en- 
hanced, tn separate experiments [18], conducted on 
mechanical mixtures of Co-alone and Mo-alone sam- 
ples, the enhanced selectiviry displayed by the Co— 
Mo catalysts was not observed. Rather, the TPO of 
the mechanical mixtures were similar to the sum of 
the independent contributions of Co and Mo. These 
results demonstrate that an intimate contact between 
Co and Mo is necessary to generate the synergism 
responsible for the high selectivity towards SWNT. 
Recent studies [19] have reported the appearance of 
SWNT during the decomposition of hydrocarbons on 
multi-metallic Ni-Co-Fc catalysts. Unfortunately, in 
that report TEM was the only characterization tech- 
nique employed and it was not indicated whether a 
large fraction of MWNT was simultaneously present. 



3. Conclusions 

Tn summary, in this contribution we have demon- 
strated a methodology that we call ^controlled pro- 
duction' of SWNT, based on a simple quantification 
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method that allows us to conduct systematic screen- 
ing of catalyst formulations and operating conditions. 
By this methodology we have identified a Co-Mo 
catalyst formulation that yields high selectivity to- 
wards SWNT, Also, through the application of this 
quantitative analysis, kinetics studies can be carried 
out, which will provide relevant mechanistic infor- 
mation about the growth of SWNT. 
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MER Nanotube Products 



Item: MWNT, as-produced cathode deposit 
Catalog# MRMW 

Description: Arc-produced cathode deposit with approximately 1 cm diameter and maximum of about 15 cm 
Jength. The cathode deposit has a hard, gray fused carbon shell that is made up of graphitic and diamond- 
like carbon. The core is a black fibrous material with 30-40 wt% multi-wall carbon nanotube content. The 
core is about 25 wt% of the cathode deposit. The product 
is over 99% carbon and is produced without catalysts. 
Nanotubes have 8-30 graphene layers, are 6-20 nm in 
diameter and 1-5 microns in length. 
Prices PER GRAM: 
1 g us$ 10.00 

2-50 g US$ 8.00 

51-100 g US$7.00 
>lOOg US$6.00 




4- 



SEM 



(tern: MWNT. powdered cathode deposit core material, <53 micron particle size 
Catalog* MRGC 

Description: Arc-produced MWNT with 30-40 wt% nanotube content. The product is removed from the 
cathode deposit and ground and sieved to -270 mesh size (<53 urn). Impurities are multi-layer polygonal 
structures fBuckyonions*) and graphitic particles. Product is over 99% carbon and is produced without 
catalysts. Nanotubes have 8-30 graphene (graphite) layers, are 6-20 nm in diameter and 1-5 microns in 
length. Powder density is around 0.7 g/cc. 
Prices PER GRAM: 
1 g or less US$ 25.00 
2-1 Og US$20.00 
11-100 g US$17.00 
>100g US$15.00 




5 nm 




TEM 



SEM 



TEM 



Item; Catalytic MWNT 
Catalog#MRCSD 

Description: Multi-wall carbon nanotubes produced by chemical vapor deposition (CVD). Catalytic CVD 
MWNT with 140 +/- 30 nm diameter and 7 +/- 2 micron length, with purity of >90% (Catalog# MRCSD): 
Prices PER GRAM 



1-10g 
11 -50g 
51- 100 g 
101 -1000g 
Kg quantities 



US$ 20.00 
US$ 13.00 
USS 12.00 
US$ 10.00 
USS 5000/kg 




SEM 
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CORPORATION 



MER Nanotube Products 



Item: Catalytic MWNT ' ' 

Catalogs MRCMW 

Description: Catalytic CVD MWNT with 35 +/- 10 nm diameter with approximately 30 micron length, with 
purity of >90% MWNT, with less than 0.1 % metal (Fe) content. Other diameters from 35 to 90 nm are 
available on request. 
Prices PER GRAM 

I- 10 g US$60.00 

II- 50 g US$50,00 
51-100 US$40.00 
over 100 g US$35.00 




SEM TEM 

Item; Aligned Catalytic MWNT Films 
Catalog* MRCMWFILM 

Description: Aligned MWNT grown on silica substrate. Nanotubes are 30-40 nm diameter with 60-60 
micron film thickness (nanotube length). Plate size up to 9x9 cm. Price; US$ 400 per film. Other 
dimensions available; inquire. 




SEM SEM 

Item: As-Produced SWNT 
Catalog* MRSW 

Description: Arc produced SWNT with 12+ wt% nanotube content. 
Impurities include ca. 25 wl% metal catalyst particles, ca. 10 wt% 
fuflerenes (C60, C70, etc) and ca. 10 wt% MWNT and other graphitic 
structures The remainder is amorphous carbon. Nanotubes are 1.2- 
1.4 nm diameter, 10-50 micron length jn bundles of up to 20 
nanotubes. Powder density is around 0.025 g/cc. 
Prices PER GRAM 

I- 10 g US$60.00 

II- 50 g US$50.00 
51-100 g US$40.00 
over 100 g US$35.00 

TEM 
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MER Nanotube Products 



Item: As-Produced Double-Waif Carbon Nanotubes N E Wl 
Catalog# MRDW 

Description: Black powder produced in the arc, with approximately 15 
wt% DWIMT. 15 wt% amorphous. 5% graphitic carbon particles, 55 wt% 
metal particles (Co+Nj+Fe). Nanotubes are 3-5 mn diameter and 5-15 
microns long. 

Prices PER GRAM: 

0.1 -2 g US$400 

2.1 -20 g US$350 

over 20 grams - please contact Dr. Lowe 



Please fax purchase orders to MER Corporation Nanotubes at ++(520) 574-1983. 
Please email, call or write if you need a formal quotation or delivery estimate. 

Contact: 

Timothy Lowe, Ph.D. 

Materials and Electrochemical Research (MER) Corporation 

7960 South Kolb Road 

Tucson, AZ 85705 

Tel. (520)574-1980 Ext. 128 

Fax (520)574^1983 

email fulleren es@mercorp.com 

website: www.mercorp.com 
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